The design of ionic liquids has been focused on the cation-anion combinations but other more subtle approaches can be used. In this work the effect of the branching of the cation alkyl chain on the design of ionic liquids (ILs) is evaluated. The mutual solubilities with water and toxicities of a series of bis(trifluoromethylsulfonyl)-based ILs, combined with imidazolium, pyridinium, pyrrolidinium, and piperidinium cations with linear or branched alkyl chains, are reported. The mutual solubility measurements were carried out in the temperature range from (288.15 to 323.15) K. From the obtained experimental data, the thermodynamic properties of the solution (in the water-rich phase) were determined and discussed. The COnductor like Screening MOdel for Real Solvents (COSMO-RS) was used to predict the liquid-liquid equilibrium. Furthermore, molecular dynamic simulations were also carried out aiming to get a deeper understanding of these fluids at the molecular level. The results show that the increase in the number of atoms at the cation ring (from five to six) leads to a decrease in the mutual solubilities with water while increasing their toxicity, and as expected from the well-established relationship between toxicities and hydrophobicities of ILs. The branching of the alkyl chain was observed to decrease the water solubility in ILs, while increasing the ILs solubility in water. The inability of COSMO-RS to correctly predict the effect of branching alkyl chains toward water solubility on them was confirmed using molecular dynamic simulations to be due to the formation of nano-segregated structures of the ILs that are not taken into account by the COSMO-RS model. In addition, the impact of branched alkyl chains on the toxicity is shown to be not trivial and to depend on the aromatic nature of the ILs.
Introduction
Ionic liquids (ILs) are, by definition, salts with melting temperatures below 100 1C. These organic salts are usually composed of a poorly coordinating, bulky organic cation, and an organic or inorganic anion, which contribute to their low melting points. 1 A special feature of ILs is that their physical and chemical properties, such as density, viscosity, mutual solubilities with water as well as their toxicity, can be easily tuned by an appropriate selection of their constituting ions. , has a much more limited effect although it also leads to a decrease in the mutual solubilities with water. 4 However, in what concerns the toxicity, the change in the anion has a much smaller impact than the increase in the cation alkyl chain length. 5 These trends suggest that both the cation or the anion of the IL can be molecularlyengineered for specific physico-chemical properties to meet the requirement of a specific application. 6 For a deeper understanding on the design ability of ILs, we have been addressing the effects of the nature of the anion, 7 isomerisation or quasi isomerisation, and the position and size of the alkyl side chain and its symmetry. 8 This work further extends these studies towards the effect of the cation alkyl side chain branching upon the phase behaviour of ionic liquids with water and their toxicities. The use of hydrophobic ILs, considered here as those not completely miscible with water at temperatures close to room temperature, has shown promising results as media for the recovery of value-added organic compounds from aqueous solutions. [9] [10] [11] [12] They may also play an important role in the separation of (bio)alcohols from fermentation broths. [12] [13] [14] [15] [16] Conventionally, separating dilute solutions of (bio)alcohols and water requires an extensive distillation, which becomes the most energy intensive step in fuel production. 17 In contrast, using hydrophobic ILs, the phase separation can be achieved at low temperature, facilitating thus the extraction processes with further economic benefits. To design separation processes involving ILs at an industrial scale, there are, at least, two key factors to be considered. First, it is necessary to know a wide range of thermophysical properties, thermodynamic data, and solid-liquid (SLE), liquid-liquid (LLE), and vapour-liquid equilibrium (VLE). Thermophysical properties along with the equilibrium data are also important to get a better understanding on the physicochemical behaviour of ILs and to develop related thermodynamic models. [18] [19] [20] [21] Second, when ILs are applied as media for extraction processes from aqueous solutions, they will be in contact with water. Even the most hydrophobic ILs exhibit noticeable solubility in water 4 that must be taken into account due to the fact that most of these ILs are nonbiodegradable. Instead, they accumulate in the aquatic ecosystems with potential harmful effects for microorganisms and humans. 22, 23 Therefore, in the development of ILs as alternative industrial solvents, the optimisation of technical properties should run in parallel with the minimisation of potential hazards. In order to evaluate the influence of the IL structure on their toxicity behaviour, an extensive range of ILs has been studied. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] Furthermore, several contributions attempted at understanding the relationship between the ILs toxicity and other properties, such as hydrophobic nature, 38 membrane water partitioning, 39 and lipophilicity. 39, 40 Recently, using a large number of ILs, we have shown a close relationship between the ILs toxicity and their solubility in water. 33 The results clearly indicate that the less soluble non-aromatic ILs also exhibit a lower toxicity when compared to aromatic ILs with higher solubility in water. 33 In addition, it was also shown that the distribution of the cation alkyl chains by the two nitrogen atoms in symmetric cations does not seem to have an impact on the toxicity. 33 Nevertheless, a difference in the central atom between the ammonium and phosphonium families does have an impact. 41 In the search for new heuristic rules relating the structure of ILs and their main properties, the use of branched chains is investigated in this work. The advantages of using this solubility-toxicity relationship is that knowledge of solubility can be used to predict their toxicity, or it may prompt design strategies to obtain ILs that exhibit, simultaneously, a low water solubility and toxicity. Thus, this solubility-toxicity relationship may play an important role as these two properties are required in designing ILs as media for the extraction of high-value products from aqueous solutions and fermentation broths. Based on the concepts expressed above, this work was carried out to investigate the relationship between solubility and toxicity of linear and branched alkyl chains of several families of ILs. For that purpose, we used ILs containing n-butyl or iso-butyl (i-butyl) as representatives of linear and branched alkyl chains attached to a cation head group. The ILs studied contain the common bis(trifluoromethylsulfonyl)imide anion combined with imidazolium, pyridinium, piperidinium and pyrrolidinium cations. Fig. 1 depicts the chemical structures of the ions constituting the ILs studied in this work. Herein, the thermodynamic functions of solutions of several ILs in water were determined to develop a molecular insight on how the ions behave in aqueous solution. While the aim of this work is to investigate the relationship between the structure of ILs and their mutual solubility with water and toxicity, the ultimate goal is to draw directions for designing ILs that combine lower solubility in water with a low toxicity. Therefore, the obtained data were analysed by taking into account the structural variation of ILs with their mutual solubilities with water and with their toxicity. In addition, the experimental solubility data were also compared with predictive results from the COnductor like Screening MOdel for Real Solvents (COSMO-RS). 42, 43 Aiming to gather a deeper understanding of the underlying mechanism of the IL and/or water solvation phenomena, molecular dynamics simulations have also been performed.
Results and discussion

Mutual solubility with water
The mutual solubilities of the studied ILs with water were determined in the temperature range from 288.15 to 318.15 K and at atmospheric pressure. The novel experimental data on the mutual solubilities along with their respective standard deviations are presented in Table S1 in the ESI. † It is observed that while the mole fraction solubility of ILs in water is in the order of 10
À4
, the solubility of water in the ILs is much higher, in the 10 À1 Fig. 1 Chemical structures of the ions constituting the ILs studied in this work.
magnitude. Hence, regardless of the hydrophobic nature of these ILs, it is here shown that they are highly hygroscopic. The liquid-liquid phase diagrams of all the studied ILs, along with their linear isomers previously reported, are depicted in Fig. 2 . The studied binary mixtures of ILs and water exhibit an upper critical solution temperature (UCST) behaviour, as previously observed for other [NTf 2 ]-based ILs. 4, 44 In addition, it is well-known that the hydrogen-bonding interactions occurring between ILs and water are influenced either by the cation or the anion, with the latter having a stronger impact. 7 Looking at the IL-rich region of the phase diagram (cf. Fig. 2a) , it can be seen that the binary systems containing imidazolium-based ILs exhibit a lower miscibility gap, followed by pyridinium-, pyrrolidinium-, and at last by piperidinium-based ILs. Keeping in mind that the studied ILs have the same alkyl side chains and a common anion, this difference can be interpreted as the result from the contribution of the head groups. Thus, although in a milder way than the anion, it is here observed that the structure of the cation core also influences the liquid-liquid phase behaviour of IL-water binary systems and can be used to fine-tune the phase diagram.
At the IL-rich phase (cf. Fig. 2a ) it is observed that water has a higher mole fraction solubility in aromatic-containing head group ILs compared to the non-aromatic fluids. As expected, the aromatic moieties of the head group leads to stronger interactions with water. 45, 46 The higher water solubility in the imidazolium-and pyridinium-based ILs, when compared with the pyrrolidinium-and piperidinium-based counterparts, is a result of the more favourable interaction of water with the p systems of those former cations. 7 In addition to the presence of aromatic rings, the water solubility in ILs is also influenced by the number of carbon atoms forming the cation ring. The mutual solubilities of water and hydrophobic ILs are related to their molar volumes as previously shown 44 and as discussed below. Cations with 5 member atoms are thus always more soluble in water than in the 6-member ones. Increasing the number of atoms in the ring leads to an increase in the molar volume, and thus the hydrophobicity of the respective ILs. Besides these observations, the main goal of this work is to study the effect of linear and branched alkyl chains of ILs upon their mutual solubilities with water. According to the results depicted in Fig. 2a , water has higher solubility in ILs with linear alkyl chains when compared with the solubility in the branched isomers. This behaviour is even more noticeable when the longest aliphatic moiety is attached to a non-aromatic ring. A branched alkyl side chain seems to hinder the accessibility of water to the polar region of the IL, and that leads to a lower solubility of water resulting mainly from steric effects.
At the water-rich phase (Fig. 2b) , it is quite interesting to observe that the features of both the head groups and structural isomers are rather different than those observed for the IL-rich phase. Imidazolium-based ILs have the highest solubility in water, followed by pyrrolidinium-, pyridinium-, and eventually piperidinium-based ILs. Peculiarly, a swap is observed between the pyridinium-and pyrrolidinium-based ILs in the water-rich phase. This indicates that the solubility of the ILs in water seems to be primarily controlled by the water cavitation potential of water that is affected by the cation size and, to a lower extent, by their IL aromaticity. For the same reason, the ILs with branched alkyl chains display a slightly higher solubility in the water-rich phase when compared to their linear isomers due to the decrease of the cavitation potential of the branched alkyl chain compared with the linear aliphatic moieties.
Temperature dependence and thermodynamic functions of solution
A simple relationship between solubility versus temperature has been obtained. The solubility of water in the IL-rich phase is described by eqn (1), while the solubility of the IL in the waterrich phase is expressed using eqn (2) where T is the temperature, and A, B, C, D, and E are fitted parameters. Those parameters and their standard deviations are presented in Table S2 in the ESI. † It must be mentioned that in order to apply eqn (1), it is assumed that in the temperature range investigated the change in the standard molar enthalpy of solution of water in the IL phase is negligible.
The proposed correlations present a maximum relative deviation to the experimental mole fraction data of 3 and 2%, for the water-rich and IL-rich phases, respectively. In general, the solubility of ILs in water is very low and can be assumed to be at infinite dilution. Thus, the molar thermodynamic properties of solution, namely the standard molar Gibbs energy, D sol G 0 m , the enthalpy, D sol H 0 m , and entropy, D sol S 0 m , of solution can be derived. These thermodynamic properties are associated with the changes that occur in the solute neighbourhood when one solute molecule is transferred from an ideal gas phase to a diluted ideal solution. Therefore, aiming at exploring the molecular mechanisms behind the solvation phenomenon, the solution standard molar functions were estimated using eqn (3)- (5), 4, 8 
where R is the ideal gas constant, p = 0.1 MPa, m refers to molar quantity. These thermodynamic functions for the IL solvation in water at 298.15 K are reported in Table S3 in the ESI. † Since the solubility of water in the IL-rich phase is well above the infinite dilution, the associated thermodynamic molar functions at 298.15 K were not determined.
The positive values for enthalpies of solution indicate that the solubilisation of ILs in water is an endothermic process, thus leading to an UCST-type of phase diagram. 8 The solubility of hydrophobic ILs in water is a hydrophobic hydration, thus dominated by dispersion forces that increase with temperature leading eventually to complete miscibility of the IL in water. Furthermore, in Fig. 3 , the molar entropies of a solution of the linear alkyl chain are compared with that of their branched isomers. For ILs with linear alkyl chains, the contribution of approximately À5 J K À1 mol À1 , per methylene group to the entropy of solution in water was previously demonstrated. 40 The entropy of solutions of ILs with branched alkyl chains are found to be less negative than those of their linear isomers, as depicted in Fig. 3 , and it seems that ILs with branched alkyl chains do not follow the same trend. This finding further corroborates the idea that the solvation of branched alkyl chains will lead to an effective lower cavitation volume and potential penalty. That penalty is mostly reflected in the entropy of cavitation that is not as negative as in the linear alkyl chain in about 10 J K À1 mol À1 . 47 The differentiation between the entropies of solution in all the pairs of isomers are following the trend of B10 J K À1 mol À1 of entropy of solution increase between the branched and linear ILs as observed from Fig. 3 . The effect of the IL size, in terms of molar volume (see Table  S4 in the ESI †) regarding their solubility in water has been investigated. The dependence of the ILs solubility in water with the molar volume of ILs is shown in Fig. 4 . The first noticeable result is that the studied ILs with linear alkyl chains fall in the molar volume-solubility correlation line, previously proposed for the linear imidazolium-based ILs. 44 On the other hand, the ILs with branched alkyl chains deviate from that correlation. These results seem to indicate that the solubility of ILs with branched alkyl chains in water is primarily driven by their molar volume that will be directly related by the effective cavitation potential, that is smaller for the branched than for the linear alkyl chains ILs due to the expected favourable shape resulting from the low cavitation surface to volume ratio observed in the branched alkyl chains. Yet the deviations of the branched alkyl chain ILs from the correlation suggest that other phenomena may also be affecting the solubility. Fig. 2 presents the liquid-liquid equilibria for the studied ILs with water. On the IL-rich side (cf. Fig. 2a) , the same hydrophobic character, considering only the cation core effect, and following the trend [i-
COSMO-RS
, was found both for the experimental data and the COSMO-RS predictions. In addition, a similar trend for their linear isomers was also well predicted. Nevertheless, it should be noticed that COSMO-RS fails to predict the difference in the phase behaviour displayed between the linear and branched alkyl chain IL isomers. COSMO-RS always wrongly predicts a higher solubility of water in the ILs with branched alkyl chains. In addition, on the waterrich side (cf. Fig. 2b ), even though COSMO-RS predicts higher solubility of branched alkyl chains in water than their corresponding linear isomers, the influence of the head group (cation core) is not well described when compared to the experimental data. COSMO-RS predicts a higher solubility of the non-aromatic ILs in water (cf. Fig. 2b ). It should be mentioned that two other COSMO-RS parameterizations were here tested, namely BP_TZVP_C21_0111 and BP_TZVP_C31_1401, and the respective results are given in Fig. S1 and S2 in the ESI. † None of the COSMO-RS parameterizations could correctly describe the differences in behaviour of the water solubility in the ILs between linear and branched alkyl chains. That is no surprise taking into account that in the COSMO-RS simulation box, the weak interaction potential effects like aromatic moieties to water interactions are described based on a simple and empirical interaction potential that is expected to poorly describe the diversity and complexity of the weak interaction potentials between the ILs and water.
Molecular dynamics simulation
In order to understand from a molecular point of view the water solubility data in the isomeric ionic liquids (n-butyl versus i-butyl alkyl side chains) and to explain the inability of the COSMOS-RS correlations to predict the relative solubility trends on the IL-rich side of the corresponding diagrams, we have performed molecular dynamics ( . This is in agreement with the fact that the added water molecules will interact mainly with the charged moieties of the ILs (specially the anion), as shown by the water-IL g(r) functions shown in Fig. 6 . Other MD works that studied the modification of the IL structure upon addition of water (mainly to hydrophilic ILs) 49 have shown that the water molecules start to surround the polar network causing its swelling and stretching. This is more obvious in the case of [C 3 C 1 im][NTf 2 ] since it was the IL with the more compact ionic network.
In conclusion, Fig. 5 and 6 show that the polar networks of all three ILs remain practically unchanged-only slightly swelled-as water molecules start to surround them. ] cannot be explained by any meaningful difference between the polar networks of the two ILs. Fig. 7 shows the correlation functions between the terminal carbon atoms in the three pure ILs (cf. Fig. 7a ) and the three IL-water mixtures (cf. Fig. 7b ). The first peaks point to the existence of small tail-to-tail alkyl clusters in the midst of the polar network. As shown in previous studies, 48, 50 could also be related to a subtle difference in the way the nanosegregated structure of the ILs (polar network interspersed with non-polar domains) interferes with the interactions between the water solute and the most interactive centres of the IL located at the charged parts of the ions.
On the water-rich side of the mixtures (when small amounts of IL solute are added to water) it is much harder to obtain statistical meaningful results using MD simulations. Nevertheless, we have performed simulations containing a single ionic pair and a few hundreds of water molecules in order to analyse the main structural features of solutions with the IL under infinite-dilution-like conditions. The main point to be noticed is that the anion-cation correlation functions (also presented in Fig. 5 with 1/10 magnification) show that the two ions form ion pairs more often, and for longer times than what would be expected if they were completely isolated and solvated by water molecules and encountered each other on a purely random basis. This suggests the tendency of these ions to form a second IL-rich liquid phase as soon as their concentration is raised above their (very low) solubility limit in water. In a previous work, 4 The growing awareness of the environmental issues associated with IL applications has spurred the research on ''greener'', biodegradable and biocompatible ILs. The standard assays using the luminescent marine bacteria Vibrio fischeri is nowadays one of the most widespread toxicological bioassays due to its quick response, simplicity and cost-effective implementation.
There have been attempts at understanding the biological impact of the cation alkyl side chain length, 34 50 values obtained clearly show that the studied ILs can be divided into two main groups, as depicted in Fig. 8: (i) the non-aromatic, represented by the pyrrolidinium and piperidinium families; and (ii) the aromatic groups represented by the imidazolium and pyridinium cations, which exhibit a different behaviour when branched alkyl chains are present. Two distinct behaviours are therefore identified. The first one, for the aromatic ILs with the branched isomers exhibiting lower toxicity, 34 and the second one for the non-aromatic ILs and where the branched isomers exhibit a higher toxic nature when compared with the linear ones. Thus, these results suggest that it is possible to manipulate the biological impact of ILs by incorporating branched chains on the cation and that their influence on the ecotoxicity is dependent on the IL's aromatic vs. nonaromatic nature. However, the presence of branched chains does not influence the effect previously described 33 where 6-member rings are always more toxic than the 5-member ring cation ILs. The relationship between the toxicities and the solubility of these ILs in water is depicted in Fig. 9 . The results indicate a linear relationship between the EC 50 values and the solubility of ILs in water, including the aromatics and the isomeric ILs. However, the non-aromatic ILs studied do not follow this regular trend, suggesting that the toxicity of this set of ILs is not only governed by their hydrophobic or aromatic/nonaromatic nature. 
Conclusions
The knowledge of the mutual solubility of ILs with water and their toxicity towards aquatic organisms is important in their design as media for the extraction of high-value compounds from aqueous solutions. The chemical structures of ILs have an impact on their mutual solubility and toxicity. In this work, we have reported, for the first time, the mutual solubilities with water and the toxicity of ILs with branched alkyl chains, and compared these results with their isomeric and linear counterparts. In this work, we have reported, for the first time, the impact of branching alkyl chains of ILs toward their mutual solubility with water and their toxicity against luminescent bacteria Vibrio fischeri.
Aromatic and non-aromatic ILs were studied, namely imidazolium-, pyridinium-, pyrrolidinium-, and piperidiniumbased compounds. In general, it was observed that increasing from five to six carbon atoms in the central cation ring, regardless of the aromatic/non-aromatic nature of the ILs, leads to a reduction in the solubility in water and to an increase in their toxicity. It was also observed that the aromatic nature of the IL plays an important role in the solubility of water in the ILs. The water solubility in linear and branched alkyl chain ILs was further rationalized using MD simulation and the results highlighted the differences in the formation of nano-segregated structures in ILs. On the other hand, the solubility of ILs in water is primarily dictated by their molecular volume and shape. The solubility of ILs with branched alkyl chains in water is significantly different from their linear isomers. This finding is further supported by the thermodynamic analysis, along with the inability of COSMO-RS to correctly predict the differences between branched and linear alkyl chains. The solubility of ILs with branched alkyl chains in water is driven by higher entropy of the solution that seems to be associated to a lower effective volume and potential of cavitation in water. While the branched alkyl chain ILs exhibited higher solubility in water than their linear isomers, their impact on the toxicity is dependent on the aromatic nature of the cation. The toxicity of branched alkyl chains attached to the aromatic ring of ILs is lower than that of their linear isomers, whereas the opposite trend was observed for the non-aromatic ring ILs. This behaviour may indicate that the toxicity of the set of ILs here studied is not only governed by the ILs' hydrophobic or aromatic/non-aromatic nature, but other factors may be present, yet to be discovered. AG from Riedel-de Haën, and was found to be below 100 ppm for all samples. Ultrapure water, double distilled, passed through a reverse osmosis system and further treated with a MilliQ plus 185 water purification apparatus, was used throughout the mutual solubility experiments. The water used exhibits a resistivity of 18.2 MO cm, a TOC smaller than 5 mg dm À3 and is free of particles 40.22 mm.
Experimental procedure
Mutual solubility measurements
The mutual solubilities between water and ILs were determined in the temperature range from (288.15 to 318.15) K and at atmospheric pressure using an experimental procedure previously detailed. 4, 7, 8, 46 The samples of the binary mixtures of ILs and water were put in tightly-closed glass vials with a septum cap. The samples were then vigorously stirred and allowed to settle and equilibrate inside an aluminium block, specially designed for this purpose, for at least 48 h. This period of time proved to be enough to guarantee a complete separation of the two phases, as well as their saturation. 52 The aluminium block was placed in an isolated air bath capable of maintaining the temperature within AE0.01 K. The temperature control was achieved using a PID temperature controller driven by a calibrated Pt100 (class 1/10) temperature sensor inserted into the aluminium block. A Julabo (model F25-HD) refrigerated bath and circulator was used as a cooling source. Both phases were sampled at each temperature from the equilibrium vials using glass syringes maintained dry and kept at the same temperature of the measurements. The solubility of water in the IL-rich phase was measured by KF titration. Approximately 0.1 g of the IL-rich phase was sampled and directly injected in the KF coulometric titrator to determine the water content. The solubility of aromatic ILs, [i-C 4 The solubility of non-aromatic ILs was determined by a conductivity method previously described. 45, 46 The conductivity of the solution was measured using a Mettler Toledo S47 SevenMultit dual pH/conductivity meter, coupled with an inLab s 741 Conductivity Probe as electrode. The samples of the water-rich phase were weighted and further diluted in ultra-pure water in a ratio of 1 : 20. Previous optimization tests regarding the appropriate dilution were carried out aiming at obtaining significant conductivity values and within the equipment higher accuracy.
Prior to the determination of the IL content in the water-rich phase, calibration curves were performed for each IL and in an adequate concentration range. Each stock solution was prepared gravimetrically within AE10 À5 g and at least 2 calibration curves were determined for each IL to confirm that no gravimetric errors occurred during the preparation of the stock solutions. Each measurement was repeated at least 5 times, and the results are reported as the average solubility value along with the respective standard deviations.
COSMO-RS
The COnductor-like Screening MOdel for Real Solvents (COSMO-RS) is based on quantum chemical calculations and can be used to predict the thermodynamic properties of fluid mixtures. COSMO-RS is a novel and efficient method for the a priori prediction of thermophysical data and has been developed in 1994. The details about the COSMO-RS are described in the literature. 42, 53 Previously we used COSMO-RS to predict the equilibrium behaviour of ILs and water and already confirmed its capability as a predictive tool. 7, 46 The standard procedure of COSMO-RS to predict the phase behaviour between ILs and water used in this work consists of two main steps. In the first step, the continuum solvation COSMO calculations of electronic density and molecular geometry were performed using the TURBOMOLE 6.4 program package at the BP-TZVPD-FINE level, introduced in 2012. These calculations are based on a Turbomole BP-RI-DFT COSMO single point calculation with the TZVPD basis set on top of an optimized BP/TZVP/COSMO geometry. The COSMO single point calculation consists of a TZVPD basis set with diffuse basis functions and a novel type of molecular surface cavity construction (fine grid marching tetrahedron cavity, FINE). 54 It creates a COSMO surface whose segments are more uniform and evenly distributed compared to the standard COSMO cavity. The gas phase energy files of this level are optimized on Turbomole on the BP-RI-DFT level with the TZVP basis set, followed by a single point BP-RI-DFT calculation with the TZVPD basis set. In the second step, the estimation of the phase diagrams of binary mixtures of ILs and water was carried out using the COSMOtherm program using the parameter file BP_TZVP_C30_0140 (COSMOlogic GmbH & Co KG, Leverkusen, Germany). 55 The detailed calculation of the phase equilibrium using COSMOtherm is explained in our previous work. 56 In all calculations, the ILs were always treated as isolated ions at the quantum chemical level. In a previous work, 57 the best predictions of the experimental data were obtained with the lowest energy conformations or with the global minimum for both cation and anion. Thus, in this work, the lowest energy conformations of all the species involved were used in the COSMO-RS calculations. and their aqueous mixtures were carried out using the DLPOLY package. 58 Water and all ILs were modelled using, respectively, the SPC model 59 and a previously described all atom force field (CL&P), [60] [61] [62] which is based on the OPLS-AA framework, 63 but was to a large extent developed specifically to encompass entire IL families. For each mixture, we started from low-density initial configurations composed either of 1 ion pair and 600 water molecules or 300 IL ion pairs and 130 water molecules. For pure ILs, the configuration for 1-(n-propyl)- Table S6 in the ESI. † The boxes were equilibrated under isothermal-isobaric ensemble conditions for 1 ns at 318 K and 1 atm using the Nosé-Hoover thermostat and isotropic barostat with time constants of 0.5 and 2 ps, respectively. Several consecutive simulation runs of 1 ns each (at least four in the case of IL-rich mixtures and at least eight in the case of water-rich mixtures), were used to produce equilibrated systems at the studied temperature. Electrostatic interactions were treated using the Ewald summation method considering six reciprocal-space vectors, and repulsive-dispersive interactions were explicitly calculated below a cut-off distance of 1.6 nm (long-range corrections were applied assuming the system has a uniform density beyond that cut-off radius).
Molecular dynamics simulations
Standard Microtox s s liquid-phase assays
To evaluate the impact of branched alkyl chains on the ecotoxicity of ILs, several Standard Microtox s liquid-phase assays were carried out. Microtox s was used to evaluate the inhibition of the Vibrio fischeri (strain NRRL B-11177) luminescence followed by its exposure to each IL solution. The indications of the manufacturer on the standard 81.9 test protocol were followed. 66 The bacteria was exposed to a range of diluted aqueous solutions relative to the previously prepared stock solution, with a known concentration (0-81.9 wt%) of each IL. After 5, 15, and 30 minutes of exposure to each IL aqueous solution, the bacterial bioluminescence emission of Vibrio fischeri was measured and compared with the bioluminescence emission of a blank control sample. The corresponding 5 min-, 15 min-and 30 min-EC 50 values (estimated concentration yielding a 50% of inhibition effect) were evaluated through the Microtox s Omnit software version 4.1. 66 The EC 50 values, plus the corresponding 95% confidence intervals, were estimated for each IL tested by non-linear regression, using the least-squares method to fit the data to the logistic equation.
